[1] The oldest, deepest, and largest basin recognized on the lunar surface is the South Pole-Aitken (SPA) basin. In the time since its formation, several processes have modified the original interior of the basin, including the introduction of foreign material by impact basins during the period of heavy bombardment. These later basins redistributed material ballistically across the lunar surface forming a mixed and crushed zone on the scale of about one-kilometer deep. Models of crater excavation, ejected material transport, and mixing during emplacement are used to estimate the amount of foreign material from each basin event introduced into SPA and the degree to which that material mixes with the surface of the interior of SPA. We varied the size of the transient craters for all basins, the degree of mixing between foreign and local material, and the number of basins considered in our evaluation. Our modeling results indicate that materials derived from the original SPA melt breccia comprise at least 15% of the present regolith. The most realistic combinations of model parameters predict a SPA melt breccia component that ranges from 50-80% of the current surface regolith. The compositional character of the SPA interior has apparently not been obliterated by aeons of subsequent basin-forming events.
Introduction
[2] The South Pole-Aitken (SPA) basin is the largest and oldest recognized impact basin on the Moon [StuartAlexander, 1978; Wilhelms et al., 1979] . The basin is approximately 2500 km in diameter and is between 6.2 and 8.2 km deep [Zuber et al., 1994; Cook et al., 2002] . Remote sensing studies [Pieters et al., 1997 [Pieters et al., , 2001 Lucey et al., 1998 ] suggest that the basin may have excavated lower-crust or upper-mantle materials during its formation, making SPA a unique location for examining surficial exposure of rock formed at depth. Multispectral data from both the Galileo and Clementine missions indicated that there may be an enrichment in mafic materials within the basin [Belton et al., 1992; Head et al., 1993; Lucey et al., 1995 Lucey et al., , 1998 Pieters et al., 2001] . The Lunar Prospector gamma-ray data independently showed that there is an Fe anomaly associated with the basin interior [Lawrence et al., 2002] as well as an observed Th enhancement relative to the surrounding highlands [Lawrence et al., 1998 [Lawrence et al., , 2002 Jolliff et al., 2000] .
[3] The formation of this large basin is predicted to have created a large amount impact melt Grieve, 1994, 1998; Lucey et al., 1998 ]. The amount of impact melt and melt breccia generated and the distribution of material from depth exposed at the surface are dependent on the shape and size of the transient crater [e.g., Cintala and Grieve, 1998; Croft, 1985; Melosh, 1989] . Schultz [1997] utilized gravity studies to conclude that the impact that formed SPA was an oblique one that resulted in excavating upper crustal material. Wieczorek and Phillips [1999] reconstructed the depth of excavation and transient crater size from gravity data and also found that the crust beneath SPA is relatively thick indicating a shallow depth of excavation. Melosh [1989] , Head et al. [1999] , and Cintala and Grieve [1998] rely on proportional scaling models that reconstructs the transient crater of SPA in order to estimate the depth of excavation. These estimates range from excavating mostly upper crust to excavating into the lower crust or upper mantle. Material that has been derived from depth and exposed at the surface can be used to determine the composition of the lower crust or upper mantle. Regardless of the depth of origin for the SPA melt, eons of geologic processes have altered the apparent composition of material from the original SPA interior. In addition, the emplacement of localized mare and pyroclastic deposits have covered some of the original SPA material. This begs the question; does any original deep-seated SPA melt material (what will be referred to here as melt breccia) remain at the surface within SPA or have billions of years of geologic processes altered the surface beyond recognition?
[4] We address this issue by evaluating the large-scale lunar-wide lateral redistribution of material solely from basin-forming events and the mixing of foreign material derived from such basins within the SPA regolith, quantitative models for these two processes are used to estimate the relative amount of foreign material that has diluted the original SPA melt breccia derived from the deep interior. Our analyses are independent of the composition(s) of such ancient material.
Background
[5] The formation of the large lunar basins occurred over a period of time prior to $3.8 Ga [Wilhelms, 1987; Ryder, 2002] during which the lunar megaregolith was formed. Material ejected by the lunar basins mixed ballistically with the surface creating a mixed zone in the upper meters to kilometers of the lunar surface [Short and Foreman, 1972; Arvidson et al., 1975; Hörz et al., 1991] . This process occurred across the Moon to varying degrees during the formation of the basins. The basin-forming events involved extensive mixing between the material ejected by the basins and the local surface on which it was emplaced. A location on the lunar surface near a given basin received relatively large amounts of ejected material, while a location some distance away did not receive as much ejected material. The distant ejecta material, however, arrived with a greater velocity than the material closer to the basin. This distal ejecta then underwent a greater degree of mixing and dilution with the local regolith [Oberbeck et al., 1974] .
[6] Identifying and cataloging the characteristics and number of basins across the lunar surface has been a research activity since the first lunar orbiting missions [e.g., Hartmann and Wood, 1971; Wilhelms, 1987; Pike and Spudis, 1987; Spudis, 1993] . Hartmann and Wood [1971] defined basins as having main topographic rims larger than 300 km in diameter. Using the Hartmann and Wood [1971] definition for a lunar basin, the Spudis [1993] catalog represents a complete examination of lunar basins, including those basins with topographic expressions that have been almost completely erased.
[7] The lunar-wide distribution of basins of varying sizes has implications for the redistribution of material across the Moon. Several studies have modeled this redistribution of materials. McGetchin et al. [1973] modeled the distribution of basin ejecta in order to estimate the amount of foreign material at the Apollo landing sites, while Moore et al. [1974] used features associated with the Orientale basin to examine the distribution of ejecta by multiringed basins. A map of the basins across the surface of the Moon as identified by Spudis [1993] is shown in Figure 1 . This distribution allows a qualitative assessment of the modification history due to basins on the lunar surface. Of the 42 basins positively identified by Spudis [1993] , seven are found within the SPA basin itself and also redistributed materials throughout SPA.
Approach
[8] Our approach to evaluate the effects of the basinforming period of lunar history on the materials within SPA basin involves (1) the estimation of how much material is Spudis [1993] ). Number in each basin refers to number listed in Table 1. introduced into SPA from each lunar basin during the basinforming period and (2) the degree to which the incoming foreign material is mixed with local surface material within SPA. The amount of foreign material introduced into SPA is dependent on the number of basins considered as well as the size and proximity of these other basins to SPA.
[9] A similar approach was used in evaluating the provenance of materials of the Cayley and Descartes formations sampled during the Apollo 16 mission [e.g., Hodges et al., 1973; Oberbeck et al., 1974] . McGetchin et al. [1973] estimated how much total material had been introduced to the Apollo 16 site by several of the nearside basins to create a hypothetical local stratigraphy. This estimation lead to their conclusion that much of the stratigraphic column at the Apollo 16 site could be dominated by foreign material from the Nectaris and Imbrium basins. Ulrich et al. [1981] argued that based on the morphology of the Cayley and Descartes terrains, both are linked to the Imbrium event and that Nectaris material is only found at depth. In a finding similar to that of McGetchin et al. [1973] , Stöffler [1985] determined that the Cayley and Descartes terrains have distinct origins based on an analysis of samples from the North Ray crater. The authors postulated that the Cayley terrain was formed by Imbrium ejecta while the older Descartes formation contains Nectaris ejecta. The three approaches (one based on ejecta modeling, one on surficial morphology, and one on sample analysis) provide a framework for understanding the effect of the formation of distant basins on local geology.
[10] Spudis [1993] describes 42 basins that are distributed across the lunar surface (see Figure 1 ). These basins are listed in Table 1 in stratigraphic order [Wilhelms, 1987] with their main ring sizes [Spudis, 1993] . The spatial relation of these basins to the Apollo 16 site and the size of the basins are illustrated in Figure 2 (distances are from the Apollo 16 landing site to the center of each basin). In order to illustrate the relative ages of the basins, three age groups are identified by different symbols. Of the 42 lunar basins, eight of the ten most recent basins and several of the largest (!600 km) basins are within 90°of the Apollo 16 landing site. The relationship between large basins, many of which happen to be recent, and the Apollo 16 site certainly suggests that these basins have had a major effect on the local geology.
[11] A different relationship between diameter, and location of these 42 basins is observed for a site in the central region of SPA (60°South, 160°West, to be discussed below). Figure 3 illustrates the spatial relationship between this SPA location and all 42 basins. However, in contrast to the Apollo 16 site, most of the large (>500 km in diameter) and recent basins are located further than 90°from the SPA location (i.e., on the opposite hemisphere). Additionally, most of the basins located within 90°of the SPA location are smaller than 500 km in diameter and several of these basins are located within SPA itself (e.g., Apollo, Ingenii, and Schrödinger). Clearly the effect of the formation of basins on the interior of SPA will be quite different than what dominates the geology at Apollo 16.
Models for Estimating the Modifying Effect of Basin Formation on the Interior of SPA
[12] Models for the distribution of ejecta from craters and basins have been developed based on terrestrial and lunar craters [McGetchin et al., 1973; Pike, 1974] and on impact scaling laws [Housen et al., 1983] . The estimated amount of foreign material introduced into SPA can be calculated for any lunar basin based on these models, but the models do not describe how this foreign material mixes with the local regolith during emplacement. Oberbeck et al. [1974 Oberbeck et al. [ , 1975 modeled the interaction of foreign material ejected from a crater with the local surface at a distal location. The Oberbeck et al. [1975] model was based on measurements of laboratory produced craters centimeters in size as well as field observations of the secondary craters of Copernicus. This model allows an estimation of the amount of mixing between incoming foreign material from basins and the local regolith. We have combined both types of models to estimate the amount of foreign material introduced into SPA and the mixing ratio of local to foreign basin material that occurred during the period of heavy bombardment. The details of each model are described below. It should be Spudis [1993] and listed in stratigraphic order [Wilhelms, 1987] . Properties listed include angular distance from SPA-1 (in degrees), and main ring diameter from Spudis [1993] .
noted that the smaller craters found throughout SPA and those just outside of the basin will also redistribute material across the surface [e.g., Haskin et al., 2003a; Li and Mustard, 2003] , although the modifying effects of these craters will not be addressed in this paper.
The Pike Model: Amount of Foreign Material
[13] Following the Apollo lunar missions, McGetchin et al. [1973] developed an equation that estimated the radial variation in the thickness of ejecta based on observed ejecta thicknesses from explosion craters, terrestrial craters, laboratory craters, and observations of ejecta from Copernicus and the Imbrium basin. This equation was used to estimate the average contribution of foreign material from the nearside basins to the Apollo landing sites. The calculated thicknesses were then used to estimate the stratigraphy of basin deposits and to determine the provenance of the lunar samples. However, Pike [1974] [14] In the analysis presented here, the estimated average amount of ejected material at any given distance from a basin is calculated using the equation from Pike [1974] 
where t is the thickness of material ejected from the basin at a location r meters from the center of the basin and R is the radius of the transient crater (TC).
[15] There are several issues that the Pike [1974] model does not account for and need to be addressed. For example, the model does not take into account the curvature of the lunar surface, therefore a correction factor based on the radial distance from the basin to the location of interest should be applied to the calculated thickness value in order to account for antipodal thickening of ejecta [e.g., Moore et al., 1974; Wieczorek and Zuber, 2001] . The model does not distinguish between the continuous ejecta deposits sur- [Spudis, 1993] and their distance to the Apollo 16 landing site. The 10 most recent basin events [Wilhelms, 1987] are enclosed in squares, the 22 intermediate aged basins are enclosed in circles, and the 10 oldest are not enclosed. Numbers refer to the basins listed in stratigraphic order [Wilhelms, 1987] in Table 1 . The SPA basin is indicated by a 0 on this figure. rounding a basin and the discontinuous ejecta deposits at distal locations. Equation (1) also assumes a vertical impact formed the basins, resulting in a uniform distribution of ejecta around each basin. This issue, as well as the likely variation in amount of material deposited outside of the continuous ejecta deposits, will be accommodated with parameter variation in a subsequent section. Despite these shortcomings, the Pike [1974] equation is useful in estimating how much foreign material lunar basins excavate and distribute elsewhere, and in particular into SPA.
Oberbeck Local Mixing Hypothesis
[16] Following the Apollo 16 mission, the significance of lunar basin ejecta on the modification of the lunar surface was appreciated in much better detail [Hodges et al., 1973] . Materials ejected from basins and craters mix with and remobilize the lunar regolith. This mixing process was addressed analytically by Oberbeck et al. [1975] , where they found that the amount of local material at a distal location is typically greater than the amount of foreign material ejected from the crater. The ejected material is emplaced and mixed with local materials. This led to the conclusion that regoliths that have been affected by foreign materials ballistically emplaced as ejecta from a distal crater will be composed of primarily local material. A mixing ratio (m) for a single location defined by Oberbeck et al. [1975] is the ratio of local material that is mixed with foreign material that has been ballistically ejected from a basin or primary crater. The estimated m value is given by the equation
where R s is the distance from the location of interest to the center of the impact event.
[17] The largest observed m values reported by Oberbeck et al. [1975] were at 600 km from Copernicus with a corresponding m value of approximately 5.00. Several subsequent studies tested the accuracy of the m calculation in lunar settings using independent spectral mixing models and remote sensing data. Pieters et al. [1985] examined mixing relationships along a ray of Copernicus between feldspathic ejecta and the mare substrate and found that the mixing ratio calculated by equation (2) agrees with mixing measurements made using remote sensing data. It was also found that the mixing ratio as determined by equation (2) appears to overpredict the amount of mixing within 3 crater radii. Head et al. [1993] examined the mixing relationship between ejected feldspathic material from Orientale and basaltic plains in the Schiller-Schickard region using Galileo SSI data. The m values calculated using a spectral mixing model range from 1.09 to 3.27 and are within a factor of 1.5 of the m values predicted Oberbeck et al. [1975] . Similarly, Blewett et al. [1995] , using Earth based [Spudis, 1993] and their distance to SPA-1. The 10 most recent basin events [Wilhelms, 1987] are in squares, the 22 intermediate aged basins are enclosed in circles, and the 10 oldest are not enclosed. Numbers refer to the basins listed in Table 1. telescopic spectra of the Schiller-Schickard region, found that the Oberbeck et al. [1975] mixing model agrees with or may slightly overestimate the amount of local material (Schiller-Schickard mare) involved in mixing with feldspathic material from Orientale. The possible overestimation may be due to factors not directly related to the Oberbeck et al. [1975] model including possible contamination of the Schiller-Schickard cryptomare by highland material from subsequent local, smaller impacts or the type of spectral mixing model used. These spectral mixing studies found m values from 1.50 to approximately 5.00 for the Schiller-Schickard cryptomare, values that generally agree with m values calculated from equation (2). In summary, spectral mixing models tend to confirm the model formulated by Oberbeck et al. [1975] for m values up to 5.00, but no data exist for larger values.
Example Site Within SPA
[18] The above models can be used to estimate how much material derived from the original SPA interior remains in the surface regolith at any site within SPA following the basin-forming events that created much of the megaregolith. However, some of the interior of SPA has clearly been modified by other processes such as volcanism (although not as extensive as nearside volcanism). Several isolated mare deposits have been identified throughout the interior of SPA [Stuart-Alexander, 1978; Wilhelms et al., 1979; Yingst and Head, 1999] . Additionally, a few areas of smooth plains located in the central region of SPA have been interpreted as containing cryptomare deposits [Pieters et al., 2001 ].
[19] We have selected a site that is outside of the identified mare and cryptomare deposits and is in terrain that has been mapped as possibly containing ancient materials. This specific location will be referred to as SPA-1 and is located at 60°S, 160°W near a proposed center of SPA at 56°S, 180°W [Wilhelms et al., 1979] . Geologic maps of the interior of SPA [Stuart-Alexander, 1978; Wilhelms et al., 1979] include terrains described as being pre-Nectarian in age. Synthesizing several of these Pre-Nectarian units, Wilhelms [1987] described a terrain in SPA as containing ''Interior Materials of South Pole-Aitken Basin.'' This ancient terrain is illustrated in Figure 4a and excludes mare deposits as well as the continuous ejecta deposits of basins within and around SPA. The selected example site is located within the identified Pre-Nectarian terrain and is indicated by a star in Figure 4a . The region surrounding SPA-1 is shown in Figure 4b , with the materials outside of the ancient terrain shaded and SPA-1 identified by a star.
[20] At SPA-1 we have calculated the amount of foreign material introduced into SPA by each of the 42 basin events (Table 1 ) and the mixing of that material with the local surface. Previous work [Petro and Pieters, 2003 ] used a similar area in preliminary studies. Identified mare and cryptomare deposits are located $150 km from SPA-1 and may have contributed some material to the site through smaller, more local impacts. Spectral mixing analysis of this location [Gillis et al., 2003] suggests that material derived from the mare and cryptomare deposits may comprise up to 20% of the regolith at SPA-1. On the basis of the aforementioned series of observations of the SPA-1 region, it is likely that this example site (SPA-1) experienced minimal resurfacing other than the mixing of later basin materials with the local regolith, making it an acceptable location to conduct this study.
Range of Model Parameters Investigated
[21] Simply applying each of the above models to predict basin contributions to SPA-1 will produce a single value for the percent of ancient SPA melt breccia that remains at the surface of SPA. However, since there is considerable uncertainty inherent in each of the models, we varied the Figure 4a . Orthographic projection of Clementine 750 nm albedo image. The image is centered on 180°W, 50°S, a previously proposed SPA center [Wilhelms, 1987] . Circle outlines main ring of SPA as identified by Wilhelms [1987] . Terrain in stipple pattern is identified as being ''Interior Materials of South Pole-Aitken Basin.'' Star is location of SPA-1 at 160°W, 60°S. model parameters and the number of basins considered in order to evaluate several possible scenarios. The range of values from these scenarios can be used to examine what may have occurred during the basin-forming period of lunar history. These options allow us to develop realistic expectations for the regolith within SPA.
[22] As mentioned previously, we include basins described by Spudis [1993] and the stratigraphic sequence of Wilhelms [1987] in our calculations. The basins are considered in three groups based on their distances from SPA-1 to the center of each basin. The first group of basins involves all 42 basins in stratigraphic sequence. The second group used basins with centers located within 120°of SPA-1. In considering this group of basins any possible effects of antipodal ejecta thickening from the large nearside basins [e.g., Moore et al., 1974; Wieczorek and Zuber, 2001 ] are effectively removed. The third group uses basins with centers located within 90°of SPA-1 (i.e., are on the same hemisphere). This group excludes most of the nearside basins from consideration and therefore eliminates the uncertainty of very distant basin deposits.
[23] The transient crater (TC) size is a very important variable in the ejecta thickness equation (equation (1)) and determines the amount of foreign material introduced to SPA-1. The variation of this parameter might accommodate some of the expected spatial variations in the amount of material ejected by a basin and introduced into SPA. To estimate the TC size, we have relied heavily on the work of Wieczorek and Phillips [1999] who used geophysical data from the Clementine mission to define TC sizes for 11 lunar basins, including SPA. In their study, only basins larger than $365 km in diameter were considered, which corresponds to the approximate resolution of the then available gravity model. Furthermore, basins as old as Tranquillitatis were excluded as the Moho uplift beneath these basins was found to be significantly less than the youngest basins. The observed degraded morphology could either be a result of crustal viscous relaxation or the infill of the crater by basin ejecta. In order to obtain values for the size of the TC for all 42 lunar basins, we developed a method for estimating TC size based on main ring size, but constrained by the Wieczorek and Phillips [1999] results.
[24] The TC diameters derived by Wieczorek and Phillips [1999] are shown in Figure 5a for 10 basins. These TC sizes are compared with the size of the basin using the observed main ring diameter of Spudis [1993] . Note that there is a general, but highly variable, relation between TC size and main ring diameter. This mean trend is shown as a heavy dashed line in Figure 5b . The individual TC and main ring sizes that lie furthest from the mean trendline of the Wieczorek and Phillips [1999] data in Figure 5a are identified by stars in Figure 5b . A range of possible TC sizes (minimum, mean, and maximum) is estimated for topographic ring sizes larger than 300 km in diameter. The minimum, mean, and maximum values are illustrated in Figure 5b . For the calculations discussed below, we used these size estimates as a group and did not mix different types of estimates. In other words, a group of calculations were performed using only the minimum TC size, or the mean, or the maximum for all basins involved. In addition to the minimum, mean and maximum TC size, a composite Wieczorek and Phillips [1999] farthest from the mean trend are marked with a star and were used to define the ranges used for minimum and maximum values for other basins. mean (mean*) size is also used. The mean* size includes the predicted size of the TC for the ten basins (not including SPA) as discussed by Wieczorek and Phillips [1999] and the mean size for the remaining 32 basins.
[25] As mentioned previously, spectral mixing studies appear to have validated the Oberbeck et al. [1975] mixing ratio m up to a value of 5.00 [Pieters et al., 1985; Head et al., 1993; Blewett et al., 1995] . However, at SPA-1 the m value for many basins exceeds 5.00 considerably. Therefore the m parameter is varied systematically in order to observe the effects that the degree of mixing has on the resulting composition of the regolith. In discussing the ratio of local to foreign material, the variable m 0 will be used for the remainder of the paper to define the concept of the mixing ratio as described by Oberbeck et al. [1975] while m is the mixing ratio as explicitly defined by equation (2). The first estimate uses the standard m value calculated from equation (2). We note, however, that some model calculations using the standard value for m for large basins predicts a mixed zone on the nearside on the order of $50 km resulting from SPA itself. Such a depth of mixing is much larger than most estimates of the mega-regolith by almost an order of magnitude. Therefore three additional values for the m 0 parameter are used to accommodate the uncertainty in m 0 and to assure that the megaregolith is reasonably bounded. The second m 0 estimate uses the value of m/2, while the third estimate uses m/4. The fourth estimate modifies all m values greater than 10.0 by reducing them by half of their difference from 10.0 (e.g., if m = 25.0, then modified m 0 = 17.5), this adjustment attempts to address the possibility that very large calculated m values are overestimated while values of 10.0 and below are less uncertain.
[26] All variations of the parameters mentioned above are combined to generate 48 different scenarios that describe the basin forming period. The TC size estimates are used in equation (1) and result in various estimations of how much foreign material is introduced to SPA-1. These estimations are then used with the various m 0 parameters to describe Table 3 . This scenario used all multiringed lunar basins, the m/2 value, and the mean transient crater estimation. The m value is calculated from equation (2) and the estimation of the foreign material is based on equation (1).
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local mixing within SPA. These calculations, which are described below, are done for each of the three basin groups.
Calculation of Local/ /Foreign Material From Multiple Events
[27] For all scenarios, equation (1) is used to estimate the amount of foreign material (in meters) introduced into the SPA-1 site by each basin. The calculated value is then corrected to account for the curvature of the Moon. The megaregolith developed from each basin-forming event is examined individually. Each basin event (E i , where i refers to a basin in Table 1 ) is considered in the stratigraphic sequence defined by Wilhelms [1987] . Starting with the first post-SPA basin event, the calculated amount of foreign material (t i ) introduced to a location (SPA-1) is multiplied by the mixing ratio m 0 i to obtain the depth of mixing (DoM i ), which is the maximum depth of local material mixed with the incoming foreign material for that particular event.
[28] In order to calculate the amount of original SPA melt breccia remaining in the present regolith at SPA-1, each basin event (E i ) is treated individually. The percentage of local SPA material in the mixed regolith following E i is given by L-SPA i ,
where C i represents the average composition of the regolith throughout the mixed zone for that event. This DoM i = t i * m 0 i . The L-SPA i value is calculated for each E i using the Summary of the 48 scenarios calculated here. Parameters required in calculating the amount of ancient material at the present surface of SPA-1 are identified for each of the 48 scenarios (see text). The total amount of foreign material introduced to the SPA-1 site, total depth of mixing (DoM t ), and the final estimated amount of material derived from the SPA melt breccia (L-SPA t ) are given for each of the scenarios.
cumulative results from all previous basin events as starting conditions. For subsequent basin events, the DoM i value for that event will determine the character of the starting material (C i ) to be used in equation (3). Each basin event creates a new mixed zone (DoM i ) that will consume all or only part of previous mixed zones.
[29] For example, prior to the first post-SPA event (E 1 ) the composition of material (C 1 ) at the surface is L-SPA 0 , or 1.00 (100%) [30] On the other hand, when the DoM i+1 of an event is greater than the DoM i prior to it, the calculation of L-SPA i+1 is slightly different. In this case the calculation of the bulk C i+1 must take into account all the different mixed zones that comprise the depth of mixing by combining the relative contribution of each. In other words, C i+1 is the weighted average of all the L-SPA i contained within the DoM i+1 .
[31] These calculations are performed for each basin event in sequence leading up to the most recent deposition and mixing event. Ultimately the final basin event controls the amount of material derived from the SPA melt breccia at the present surface (L-SPA t ). Throughout all basin events, the greatest DoM i is defined to be the total depth of mixing (DoM t ) for the basin-derived megaregolith.
[32] An example of the sequence of calculations is shown in Table 2 for mean values of the TC, m 0 values of m/2, and all 42 basins (scenario #43 in Table 3 ). Perhaps the most significant basin events are those that excavate through several zones that have been previously mixed prior to it. These homogenizing events, such as Australe, Imbrium, and Orientale effectively increase the L-SPA i values. The significance of such events is apparent with the Imbrium example, as the prior L-SPA value is 27.3% while after the Imbrium event L-SPA increases to 73.2%. It should be noted that applying the Housen et al. [1983] model for estimating ejecta thickness in this sequence does not significantly change the L-SPA t value (62.8% versus 61.5%). The reason for this is because the relative scale of mixing is largely dependent on the relative size and distance of the basins involved. On the other hand, the total amount of foreign material and the DoM t calculated using the Housen et al. [1983] model are approximately 1.7 times less than values calculated using the Pike [1974] model.
Results
[33] An estimation of the amount of ancient material derived from the original SPA melt breccia in the present surface regolith is dependent on the parameters that have been described in section 3.1: the number of basins, the TC size (and therefore ejecta amount), and the mixing ratio m 0 . The predicted amount of remaining SPA melt breccia material also depends on the specific location within SPA.
[34] The 48 possible scenarios and the calculations from each with different parameter values were selected to illustrate the effects of different assumptions on the amounts of ancient SPA melt breccia that could be found in the surface regolith today. Table 3 summarizes the parameters used in each scenario, the cumulative amount of foreign material introduced into SPA-1, the total depth of mixing (DoM t ), and the final percent of original SPA material at the surface (L-SPA t ).
[35] A comparison of the calculated DoM t and L-SPA t is shown in Figure 6 to illustrate the differences between each of the calculated scenarios. The estimated amount of ancient SPA melt breccia material varies from 10 to 86% and the DoM t zone varies from 28 to 2482 m. This range of scenarios is presented in order to evaluate the effects of different parameters on the results. Some combinations are likely to be more realistic than others.
[36] To more easily discern the effects of different parameters, a subset of Figure 6 is shown in Figure 7 for all scenarios using basins located within 120°of SPA-1. Note that with an increasing mixing ratio m 0 value (from m/4 to the standard m) the amount of SPA material in the surface regolith and the depth of mixing both increase. This relationship is true for all scenarios except for the ones using the maximum TC sizes. Also, with increasing estimated TC size, the calculated DoM t increases. The variation in the number of basins used (illustrated in Figure 6 ) does not appear to have a strong effect on the estimated amounts of SPA material in the surface regolith or on the DoM t values.
Discussion
[37] Many of the scenarios listed in Table 3 that use moderate values of the variables (the mean and mean* TC sizes and the standard m and modified m values for the m 0 value) predict a cumulative DoM t (megaregolith) from the basin impacts of approximately 500 to 1000 m. This moderate range of values for the variables also predicts that approximately 50-80% of the present regolith will consist of materials derived from the SPA melt breccia. The scenarios that use smaller estimates of the mixing ratio (e.g., m/2 and m/4) are expected to substantially underpredict the actual mixing ratio. All but one of the remaining standard m and modified m scenarios predicts that 50% or greater of the regolith will be derived from the SPA melt breccia.
[38] In a recent study, Haskin et al. [2003a] also calculated the percent of SPA floor material in the present regolith for the same region considered here. They evaluated the effects of nine basins and the nearby crater Bhabha on the composition of the regolith. In addition to a different group of basins, the Haskin et al. [2003a] study used the scaling laws of Housen et al. [1983] and utilized a different approach as described in Haskin et al. [2003b] in calculating the proportion of foreign material from each individual crater or basin event mixed into the present regolith. Despite the differences in approach, their results are quite similar to those presented here. They concluded that approximately 80% of the regolith would have been derived from the original SPA floor.
[39] In considering the depth of the megaregolith formed by the basin events, the scenarios that use the maximum TC size are the only scenarios that result in a DoM t that is greater than a kilometer (Figure 6 ). Furthermore, a twokilometer deep regolith is only formed when the mixing ratio value used is close to the value of m predicted by Oberbeck et al. [1975] (equation (2)) (i.e., standard m or modified m). Recall, however, that this DoM t refers to only the component of megaregolith resulting from basin-scale events post SPA; large local cratering events can also increase the depth of mixing.
[40] The age sequence of basin and their distance from a particular area on the Moon affect the regolith modification history of any particular site. The observed spatial relationships of all basins to SPA-1 is quite different from that seen at the Apollo 16 site (Figures 2 and 3) . Four of the most recent and large basins are within 90°of the Apollo 16 landing site. In contrast, the SPA-1 site is greater than 120°from many of the large and recent basins, Serenitatis and Imbrium in particular. The Orientale basin is the only close and large basin to SPA-1. Recall that the mixing ratio m 0 variable is dependent only on distance, and thus these large and distant basins also have the highest m 0 values (e.g., see Table 2 ) for SPA-1. Most of the basins that are located within 90°of SPA-1 are smaller than 600 km in diameter and are not among the oldest basins on the Moon (Figure 3) . Therefore based on the proximity of the Apollo 16 site to the recent large basins, we might expect that there would be a significantly higher proportion of foreign to local material and that the DoM t would be greater than found at the SPA-1 site. Calculations for the Apollo 16 site using the methods described here and the same parameters used in Table 2 yields a substantially thicker mega-regolith depth ($2000 m) than at SPA-1 and only approximately 29% ancient material at the surface. In other words, the Apollo 16 regolith is predicted to be dominated by 71% foreign basin material (70% of which is derived from the Nectaris, Serenitatis, and Imbrium events). This comparison between the Apollo 16 and SPA-1 regolith gives some context for the values calculated for the SPA-1 site.
[41] Despite the spatial and temporal distribution of lunar basins, there are no major variations in either the DoM t or the amount of SPA melt breccia at SPA-1 due to the number of basins used in our calculations (Figure 6 ). For most scenarios, the Orientale event is perhaps the most significant as it was the last basin event to occur and it is large and somewhat close to SPA-1. Its proximity indicates that it will introduce a comparably large amount of material to SPA-1 (Table 2) while still having a mixing ratio value larger than many other basins located within 90°.
Conclusions
[42] Calculations of the abundance of material derived from the SPA melt breccia that should remain in the present surface regolith at SPA-1 have shown that this ancient material is likely to comprise a significant proportion of the regolith. This conclusion is based on estimations of how much foreign basin material has been introduced into SPA during the extended period of heavy bombardment and to what degree this material mixed with the local regolith. In all, 36 of 48 scenarios that varied the number of basins, the estimated TC sizes of those basins, and the amount of mixing between the local and foreign material estimate that greater than 40% of the surface regolith will represent ancient SPA material. The calculations also predict that the mixed megaregolith zone will be up to 2 km deep, however, most of the scenarios predict depths of no greater than approximately 1 km. Of the 48 calculated scenarios, several are unlikely in a lunar environment, but are useful for evaluating trends of modal parameter values. Consideration of the scenarios that are most likely to reflect what might actually have occurred narrows the range of the estimated abundances of SPA material. Many realistic scenarios predict that the present regolith at SPA-1 will contain 50-80% of material derived from the SPA melt breccia, with most estimates clustering around 75%. Therefore we estimate that approximately 75% of the surface regolith is composed of material derived from the ancient SPA melt breccia, which has been modified by the normal regolith forming process. This implies that any future sample return mission to the interior of the SPA basin, with a well-selected landing site, will most likely sample abundant ancient SPA derived materials.
